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Abstract
This chapter presents a review of what is known about the impacts of climate change on the
biota (plankton, benthos, ﬁsh, seabirds and marine mammals) of the North Sea. Examples
show how the changing North Sea environment is affecting biological processes and
organisation at all scales, including the physiology, reproduction, growth, survival,
behaviour and transport of individuals; the distribution, dynamics and evolution of
populations; and the trophic structure and coupling of ecosystems. These complex
responses can be detected because there are detailed long-term biological and environ-
mental records for the North Sea; written records go back 500 years and archaeological
records many thousands of years. The information presented here shows that the
composition and productivity of the North Sea marine ecosystem is clearly affected by
climate change and that this will have consequences for sustainable levels of harvesting and
other ecosystem services in the future. Multi-variate ocean climate indicators that can be
used to monitor and warn of changes in composition and productivity are now being
developed for the North Sea.
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8.1 Introduction
The North Sea is one of the most productive, intensively
exploited and well-studied sea areas in the world. It lies just
north of the boundary (*50°N) between the warm- and
cool-temperate biogeographic regions (Dinter 2001), also
referred to as Lusitanian and Boreal. Because of its size,
topography, and physical and chemical diversity (described
elsewhere), the North Sea encompasses a number of more or
less coupled ecosystems with some shared properties. Deep
areas of the northern North Sea and Norwegian trench are
strongly influenced, both physically and in biota, by inflows
from the Norwegian Sea, NW European shelf (Fig. 8.1 is an
artist’s impression of this ecosystem). The low salinity Baltic
Sea outflow affects the Norwegian coastal area and the
inflow from the English Channel and several major rivers
affects the continental coastal areas of the southern North
Sea. Shallower water depth, stronger tidal mixing and
diminished ocean influence all contribute to greater seasonal
variability in temperature in the southern North Sea, with
summer temperature much higher than in the northern North
Sea and winter temperatures much lower.
The North Sea has been exploited by humans since they
resettled its shifting margins after the last ice age
10,000 years ago. It has also been the subject of conserva-
tion concern for many hundreds of years and the focus of
many scientiﬁc studies of marine life, which show the
inexorable decline of easily caught ﬁsh and shellﬁsh species
with vulnerable life histories, such as sturgeon Acipenser
sturio, ling Molva molva, large elasmobranchs and oysters
(see Chap. 12) (Le Masson du Parc 1727; Poulsen et al.
2007).
The long history of exploitation and study of the North
Sea means that a great deal of long-term information on ﬁsh,
shellﬁsh and other biota exists or is currently being recon-
structed from archives, archaeological material and muse-
ums (Fig. 8.2). Written records go back 500 years in some
cases and archaeological records go back many thousands of
years (Enghoff et al. 2007), covering a wide range of tem-
perature conditions and providing a basis for establishing the
response of the ecosystem to natural climate variability and
long-term change, but confounded by the effects of
increasing ﬁshing pressure and other anthropogenic drivers.
An introductory account of the ecosystems of the North Sea
is included in Chap. 1.
Between 1983 and 2007 the sea surface temperature
(SST) of the North Sea warmed at rates of up to 0.8 °C
decade−1 (see Chap. 2), which is an order of magnitude
greater than the rate of global warming and among the
highest in the world. The high rate of warming in the North
Sea is partly due to anthropogenic factors but also to natural
multi-decadal regional variability in the North Atlantic.
Meyer et al. (2011) used sensitivity experiments to demon-
strate that increasing air temperature is the main cause of the
warming trend observed in the North Sea, accounting for
about 75 % of observed (hindcast) changes in SST. From the
record of Central England air temperature (CET, Fig. 8.3),
which is the longest instrumented temperature time series in
Fig. 8.1 Artist’s view of the
ecosystem of the coastal northern
North Sea. Artwork by Arild
Sæther commissioned by the
Institute of Marine Research,
Norway
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the world, it is known that recent CET is higher than at any
time since observations began in 1659, except for a short
period in the 1730s. Over the period 1975–2005 the vari-
ability in annual mean CET and sea-bed temperature
(SBT) during the ﬁrst quarter of the year match closely
(Fig. 8.3).
The rate of warming that the North Sea experienced from
1983 to 2007 is too high to persist, and the component of the
warming due to multi-decadal variability is expected to
reverse. There are indeed indications in the data since 2008
that temperatures in the North Sea may be returning to lower
levels.
The abrupt temperature increase that occurred in the late
1980s (Fig. 8.3) was particularly marked during the period
January–March and can be related to a remarkable increase
in south-westerly wind strength during the early part of the
year (Siegismund and Schrum 2001), which is a useful
reminder that in addition to the effects of rising temperature,
there are probably several interrelated climatic factors,
including wind-driven vertical mixing and changes in inflow
to the North Sea, with resultant salinity and nutrient changes,
that are also important.
Irrespective of the underlying causes of the changes in sea
temperature and other oceanic and atmospheric variables
since the early 1980s, it is evident that biota in the North Sea
are responding to these strong signals. Changes in advection
and mixing may also be driving changes in ocean chemistry
that in turn affect biota. Abrupt changes in many components
of the biota, sometimes called ‘regime shifts’, have been
observed in the North Sea since the 1980s. Such changes
probably have physical as well as biological causes, but the
nature of the processes involved is by no means clear and it
is notable that the term regime shift is not used in the
chapters on physical processes. There is a wide-ranging
debate on the extent to which low frequency biological
variability reflects external forcing, internal ecological
dynamics or a combination of the two (Doney and Sailley
2013). The North Sea is well placed to help resolve the
causes and processes behind abrupt and continuous
Fig. 8.2 By the time Pieter
Breughel the Elder created Big
Fish Eat Little Fish in 1557,
Europeans had been putting
pressure on coastal and estuarine
parts of the North Sea for
centuries (Bolster 2008). Public
domain work accessed through
Wikimedia Commons
Fig. 8.3 First quarter sea-bed temperature (SBT) and Central England
air temperature (CET; R = 0.80; p < 0.0001). SBT data from Hiddink
and ter Hofstede (2008). CET data from www.metofﬁce.gov.uk/hadobs/
hadcet/cetml1659on.dat
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ecosystem responses to sub-annual-to-decadal physical
variability, because spatially resolved, long-term records of
physical and biological variables are both available and there
have been marked changes in the two over recent decades
(Schlüter et al. 2008; Kirby and Beaugrand 2009). The
processes may also involve shifts in the biogeographic
boundaries between cool- and warm-temperate ecosystems.
Climate change is a recent addition to the human pres-
sures on marine ecosystems, but in this too the North Sea is
relatively well studied and described. OSPAR, the inter-
governmental body for protecting and conserving the
Northeast Atlantic, commissioned a report in 2008 asking
whether the impacts of climate change over past decades can
be detected on North Sea and Northeast Atlantic biota (ICES
2008). The ﬁrst step in addressing this question is to decide
on the basis of theory and previous observations what the
likely change in any feature (distribution, abundance, sea-
sonal pattern) would be under the actual climate of the past
decades. The vast majority of long-term data sets assembled
for the North Sea (212 out of 234) showed changes in the
distribution, abundance or seasonal patterns (maturation,
breeding, other seasonal cycles) of zooplankton, benthos,
ﬁsh and seabirds; 77 % of these changes were in the direc-
tion expected due to climate impacts (Table 8.1).
A global study of climate impacts on marine biota
(Poloczanska et al. 2013) assembled over 1700 data series
and showed a similar proportion (81–83 %) of time series
responding consistently with the effects of climate change.
The rate of distribution shift for leading edges (i.e. where the
distribution is spreading into previously unoccupied areas
for the species) is faster (*72 km decade−1) than the rate of
shift of trailing edges (*15 km decade−1; where a previous
occupied area is vacated). The overall global rates of dis-
tribution shift (*30 km decade−1 for leading edges, cen-
troids and trailing edges) matched the rates at which ocean
surface isotherms had shifted over the same periods and
locations (Burrows et al. 2011), but the rates of shift in
spring phenology (seasonal timing) were not closely mat-
ched with changing seasonality of temperature. Rates of
distribution shift varied among taxa and were fastest for
phytoplankton and zooplankton. The rates at which both
distribution and seasonal timing of marine biota had shifted
were comparable to or greater than the rates observed for
terrestrial biota. Almost half (45 %) of the data used in the
global study of climate impacts on marine biota came from
the Northeast Atlantic and a high proportion of these from
the North Sea.
This chapter presents a review of what is known about the
impacts of climate change on the biota of the North Sea.
Plankton and benthos, which are habitat/life history cate-
gories, are each considered, as are the taxa ﬁsh, birds and
marine mammals. Invertebrate taxa are addressed within the
sections on plankton and benthos, but viruses, bacteria and
the microbial loop are not covered. Other anthropogenic
drivers of change such as ﬁshing, habitat disturbance,
eutrophication or pollution are dealt with in other chapters.
All North Sea biota are affected by a range of physical
and chemical drivers, including inflowing water masses,
currents within the North Sea, nutrients, atmospheric
warming, winds and other mixing forces (buoyancy flux,
tidal mixing) that influence the proximate physical, chemical
and biological environment of the biota. Thus climate
impacts are by no means limited to temperature effects; the
major ocean climate variables are grouped by property type
in Table 8.2. This changing environment affects biological
processes and organisation at all scales. There are direct
effects on the physiology, reproduction, growth, survival,
behaviour and transport of individuals and on the distribu-
tion, dynamics and evolution of populations. Indirect effects
include trophic interactions (predators, prey, competitors),
the structure and coupling (e.g. benthic-pelagic coupling) of
ecosystems and the effects of pathogens, symbionts and
commensals. Life spans of very different length and feed-
backs between levels of biological organisation (e.g.
ecosystem effects on food supply) can result in cross-scale
and lagged effects (Doney and Sailley 2013). Such linkages
and ecosystem processes are considered in Sect. 8.7.
Because the North Sea is so well monitored and studied,
the effects on marine biota of the very rapid rate of climate
change in the region over the past 30 years are more likely to
be detected and understood here than in other areas. The
following sections review current knowledge of the effects
of climate change on functional and taxonomic groups in the
North Sea followed by a section on ecosystem effects and a
ﬁnal synthesis that draws together common features and
conclusions.
Table 8.1 Changes in North Sea biota in response to climate (from ICES 2008)
Zooplankton Benthos Fish Seabirds
Total observations 81 85 58 10
No change 8 13 1 0
Change in expected direction 68 47 43 6
Change in opposite direction 5 25 14 4
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8.2 Plankton
Many studies have documented the strong influence of both
climatic variability and global climate change on plankton
ecosystems (Roemmich and McGowan 1995; Edwards and
Richardson 2004; Richardson and Schoeman 2004; Mackas
et al. 2007), indeed plankton often seem to amplify subtle
climatic changes in areas such as the North Sea (Taylor et al.
2002). Some explanations have been proposed to explain the
sensitivity of this group to climate (Taylor et al. 2002;
Beaugrand et al. 2008), but the precise processes remain to
be identiﬁed. One contributory factor may be that these
organisms are ectotherms and that metabolic rates, growth,
reproduction, activity and species interactions are all influ-
enced by temperature (Atkinson 1994; Brown et al. 2004).
A second factor could be that they react rapidly to climate
change because of their short life cycle. A third that this
group is not exploited directly, so that the main drivers are
easier to identify. Phenological (Edwards and Richardson
2004) as well as biogeographic shifts (Beaugrand et al.
2009) have been observed in North Sea plankton. Abrupt
community or ecosystem shifts (also called regime shifts or
critical transitions) (Reid et al. 2001; Scheffer 2009) have
been documented (Reid et al. 2001; Weijerman et al. 2005),
including changes in phytoplankton and zooplankton (e.g.
copepods, euphausiids, gelatinous species) and in holozoo-
plankton (taxa whose whole lifecycle is planktonic) and
merozooplankton (taxa with a partly planktonic life history)
(Kirby et al. 2008).
8.2.1 Bottom-Up and Top-Down Control
Among environmental factors that may influence population
dynamics and individual survival, temperature is probably
the major factor. It is often highly correlated with observed
changes in biological or ecological systems (Aebischer et al.
1990; Edwards and Richardson 2004; Weijerman et al.
2005; Hatun et al. 2009; Kirby and Beaugrand 2009;
Buckley et al. 2012). Temperature modulates predator-prey
interaction by influencing locomotion, functioning of sen-
sory organs and activity. It might therefore be difﬁcult to
resolve the role of bottom-up (e.g. physics) and top-down
(e.g. grazing/predation) effects. This probably also depends
on the spatial scale of a study. At the scale of the spatial
distribution of a species, the climate variability hypothesis
states that the latitudinal range of species is primarily
determined by their thermal tolerance (Stevens 1989).
Temperature is indeed a key variable in the marine envi-
ronment because it is affected by many hydro-climatic pro-
cesses (Beaugrand et al. 2008) and because it exerts an effect
on many fundamental biological and ecological processes
(Sunday et al. 2012). At smaller scales however, this factor
acts in synergy with others and the proportion of all factors
acting on a species also varies spatially (i.e. throughout the
distributional range of a species) and through time (i.e.
seasonal and year-to-year scales) (Kirby and Beaugrand
2009). The level of turbulence in the water column (Roth-
schild and Osborn 1988), nutrient concentrations and their
effect on phytoplankton concentration and composition
(Behrenfeld et al. 2009), the amount of photosynthetically
active radiation (Asrar et al. 1989) and the length of day
(Fiksen 2000) in extratropical regions are key controlling
factors. At small scale, the effect of top-down control may
start to be detected. On the eastern Scotian Shelf, Frank et al.
(2005) suggested a cascading effect of ﬁshing from the top to
the bottom level of the ecosystem, although this has been
disputed, with changes in stratiﬁcation being proposed as the
driver (Pershing et al. 2015). Nevertheless, despite some
evidence of top-down or wasp-waist control in certain
marine ecosystems of the world (Cury et al. 2003),
bottom-up control seems to be the most frequent type of
control in pelagic ecosystems (Richardson and Schoeman
2004). However, data and studies are sparse and some sta-
tistical techniques can give ambiguous results. For example,
it is statistically difﬁcult to separate bottom-up control from a
common response of organisms to climate change (Kirby
and Beaugrand 2009). The persistent simpliﬁcation of mar-
ine food webs by overexploitation (Pauly et al. 1998) may
have diminished the importance of top-down control in
marine ecosystems. Bottom-up control of plankton is likely
to be more important than top-down control.
Table 8.2 Ocean climate variables grouped by property type
Property type Ocean climate variable
Atmospheric and sea surface Wind
Cloud cover
Waves
Sea level
Chemical and physical Temperature
Salinity
pH
Oxygen
Nutrients
Dynamic Currents
Stratiﬁcation
Turbulence
Upwelling
Frontal processes
Seasonal Storm events (for example)
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8.2.2 Climate and Changes in Phytoplankton
Abundance and Phenology
A substantial literature describes long-term changes in North
Sea phytoplankton communities (Reid et al. 1998; Edwards
et al. 2009, 2012, 2014; Beaugrand et al. 2010). Total
abundance of dinoflagellates has declined since 1960
whereas the total abundance of diatoms has remained vir-
tually unchanged (Hinder et al. 2012). Among the
dinoflagellate species, Ceratium furca, Protoperidinium
spp. and to a lesser extent Prorocentrum spp., have shown a
substantial reduction in summer since the beginning of the
2000s, but the phenology of dinoflagellates has not shifted
towards spring, as shown in other studies (Edwards and
Richardson 2004). The diatoms Thalassiosira spp., Rhi-
zosolenia imbricata shrubsolei and Pseudo-nitzschia seriata
have increased in abundance in spring. The diversity of
dinoflagellates has increased in the Northeast Atlantic and in
the North Sea (Beaugrand et al. 2010) as both temperature
and seasonal stability in temperature have increased,
whereas diatoms, which have higher diversity at intermedi-
ate and less seasonally stable temperatures, have shown less
increase in diversity.
Analysis of daily (work days) sampling of phytoplankton,
nutrients and temperature at Helgoland Roads (54° 11′ 3″N,
7° 54′E) from 1962 to 2008 showed that the phenology of
three diatom species Guinardia delicatula, Thalassionema
nitzschioides and Odontella aurita did not respond to cli-
mate warming in the same way and that overwintering
population size, grazing, nutrient levels and water clarity
affected their bloom timing (Schlüter et al. 2012). Such
species-speciﬁc differences in sensitivity to forcing factors
could lead to shifts in community structure with potentially
far-reaching consequences for ecosystem dynamics. Not
only does the marine food web depend on the quantity and
timing of phytoplankton production, but also on qualitative
features, such as the production of essential fatty acids
(Røjbek et al. 2012).
The extratropical North Atlantic Ocean and its adjacent
seas may be an important region for carbon export (Sar-
miento et al. 2004). The biological pump may be less efﬁ-
cient in a warmer world because of changes in
phytoplanktonic types (floristic shifts) but also because
upward mixing of nutrients is likely to diminish, due to
increased stratiﬁcation of the oceans (Thomas et al. 2004;
Bopp 2005). Deepening of the nutricline, as a result of
increased stratiﬁcation, would shift the phytoplankton com-
munity from diatoms (major exporters of carbon to depth) to
coccolithophorids (Cermeño et al. 2008) and this latter group
has increased in the North Sea (Beaugrand et al. 2013).
8.2.3 Climate Impacts on Biogeographic
Boundaries and Biodiversity
of Zooplankton
Major biogeographical shifts in zooplankton have been
identiﬁed in the Northeast Atlantic in response to the
warming observed in the region (Beaugrand and Ibañez
2002; Beaugrand et al. 2009) and based on the identiﬁcation
of nine calanoid copepod species assemblages using multi-
variate analyses (Beaugrand et al. 2002). There was a
poleward increase in warm-water species and a reduction in
the number of cold-water species in the same areas. All
zooplankton assemblages exhibited coherent, long-term
shifts but the speed of these biogeographic shifts was sur-
prisingly rapid in comparison to rates of change in terrestrial
systems (Parmesan and Yohe 2003). Warm-temperate,
pseudo-oceanic species experienced a poleward shift of
about 10° of latitude (52–62°N, 10°W) or 23 km y−1 for the
period 1958–2005 (Beaugrand et al. 2009). The magnitude
of the species shifts was however similar to the northward
movement of some isotherms (e.g. the 10 °C isotherm
moved northwards by about 21.75 km y−1) in the North Sea.
The consequence of these shifts has been to increase the
diversity of calanoid copepods in the Northeast Atlantic and
its adjacent seas (such as the North Sea) (Beaugrand and
Ibañez 2002; Beaugrand et al. 2010). Such increases in
diversity have also been identiﬁed for other taxonomic
groups such as dinoflagellates (Beaugrand et al. 2010) and
ﬁsh (Hiddink and ter Hofstede 2008). The increase in
copepod diversity has been paralleled by a concomitant
reduction in their mean size (Beaugrand et al. 2010) due to
both increased prevalence of species with smaller body size
and decrease in body size within species due to increasing
temperature. Size reduction may indicate an increase in the
metabolism of plankton ecosystems and may have strong
consequences for carbon export.
8.2.4 Regime Shift in the North
Sea Plankton Community
Marine ecosystems are not all equally sensitive to global
climate change and climatic variability (Beaugrand et al.
2008). There are critical thermal boundaries (CTB) where a
small increase in temperature triggers abrupt ecosystem
shifts (regime shift) and alters the abundance of primary
producers, secondary producers and top predators. Such a
boundary separates regions where abrupt ecosystem shifts
have been reported in the North Atlantic and the North Sea.
In these regions, termed vulnerability hotspots, temperature
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Fig. 8.4 Change in North Sea
plankton composition over the
past 50 years. Standardised
abundance of 83 phytoplankton
and zooplankton taxa collected by
the Continuous Plankton
Recorder (CPR). The taxa are
ordered according to the ﬁrst
principal component. Periods
characterised by different
hydro-climatic conditions are
indicated. Adapted from Edwards
et al. (2009)
increase has a substantial effect on the community and the
ecosystem, modifying their biodiversity and carrying
capacity (Beaugrand et al. 2008).
An abrupt ecosystem shift occurred in the North Sea
during the mid-1980s (Fig. 8.4) (Reid et al. 2001). The
North Sea is one of the most biologically productive
ecosystems in the world. This system supports important
ﬁsheries leading to the catch of 5 % of the world’s total ﬁsh
and also contributes signiﬁcantly to biogeochemical cycles
(Thomas et al. 2004). The North Sea regime shift has
involved an increase in phytoplankton biomass, and chan-
ges in plankton community structure, diversity and phe-
nology (Reid et al. 1998; Beaugrand et al. 2003; Beaugrand
2004). The shift was detected in both pelagic and benthic
realms (Kröncke et al. 1998; Reid and Edwards 2001;
Warwick et al. 2002). Parallel changes occurred in
large-scale and regional temperatures, in three trophic levels
and in both holozooplanktonic and merozooplanktonic
components (Kirby and Beaugrand 2009). The abrupt
ecosystem shift that occurred during the 1980s in the North
Sea had a detectable effect on about 40 % of species from
all taxonomic groups collected by the Continuous Plankton
Recorder (CPR) survey (Beaugrand et al. 2014).
The effect of warming on ecosystems is not a gradual
process and species and communities are likely to experi-
ence a series of sudden and stepwise shifts alternating with
periods of greater stability.
8.2.5 Long-Term Changes in Zooplankton
Long-term changes in the zooplankton community have
been reviewed from time series at Arendal (northern
Skagerrak; 58° 23′N, 8° 49′E), Helgoland Roads
(54° 11′ 18″N, 7° 4′E) and Stonehaven (56° 57.80′N,
02° 06.20′W) together with other studies (Hay et al. 2011).
Jellyﬁsh abundance has increased (Lynam et al. 2005;
Attrill 2007) and there have been reports of incursions of
the oceanic scyphozoan Pelagia noctiluca into the North
Sea, causing mortalities in farmed salmon (Licandro et al.
2010). The ctenophore Mnemiopsis leidyi was detected in
the Skagerrak in 2006 (Oliveira 2007) and has since
occurred in high densities at Arendal Station in late summer
and autumn each year, when SSTs are above 20 °C. The
Helgoland Roads time series showed abrupt shifts (earlier
bloom timing) in the phenology of the ctenophores Beroe
gracilis and Pleurobrachia pileus in 1987/88 (Schlüter et al.
2010) and an inverse relationship between SST anomalies
and abundance of small copepods; lowest copepod abun-
dance was observed in the 2000s when sea temperatures
were warmest. A comparison of the Helgoland Roads and
CPR data indicates a possible time-lagged synchrony (3–
5 years) in copepod abundance (Hay et al. 2011): at
Stonehaven, total copepod abundance was low in 1997 and
1998. The copepod Eucalanus crassus, included in the
temperate pseudo-oceanic species assemblage that increased
northwards along the European shelf-edge (Beaugrand et al.
2009), has been seen regularly in small numbers at Stone-
haven in autumn since 2003.
Since 1958 the copepod Calanus helgolandicus has
become roughly ten-fold more abundant than C. ﬁn-
marchicus and is now among the most abundant species in
the North Sea (Edwards et al. 2014; Fig. 8.5). The under-
lying climate-related processes have been investigated using
life-stage structured models of the two species, combined
with a high-resolution 3D circulation model to quantify
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inflows into the North Sea and a regional ecosystem model
to quantify biogeochemical and foodweb variables (Maar
et al. 2013). Model results were tested against the long,
spatially-resolved time series from the CPR and against
detailed seasonal sampling of vertical distribution of life
history stages. Increasing temperature is a major factor in
observed changes in Calanus phenology, but changes in
abundance are also influenced by advection of C. ﬁn-
marchicus through the northern boundary of the North Sea,
which is to some degree climate-related. The detailed
observational time series available for the North Sea allow
testing of quite complex process models on scales encom-
passing regional physical dynamics, water column processes
and species life history. Observed changes in distribution
and phenology are consistent with global patterns
(Poloczanska et al. 2013), but there are important processes
occurring at regional and local scales that modify the simple
global pattern. It is probably too early to judge whether
adaptive responses by marine zooplankton will keep pace
with the current rapid changes in climate (Dam 2013).
The observational time series for North Sea plankton are
longer and have better temporal and spatial coverage and
resolution than any other in the world. Since many taxa have
plankton life stages these time series can be used to analyse
long-term change not only in holoplankton, but also in
meroplankton, including benthic species and ﬁsh, and
examples are given in later sections.
8.3 Benthos
This section does not attempt to provide a comprehensive
review of all the known processes and mechanisms gov-
erning changes in the status of the North Sea benthic
ecosystem, rather it attempts to highlight and describe some
of the more important and well documented factors which
appear to influence the benthos. For example, sediment
composition, depth, food availability and water temperature
are the main environmental factors governing the large-scale
distribution of benthic species in the North Sea (e.g.
Glémarec 1973; Duineveld et al. 1991). Small-scale tem-
poral or spatial variability in the benthos, particularly in the
shallower areas of the North Sea, may be attributed to
temperature, tidal currents, riverine input including nutrient
and sediment load, wind-induced swell and sediment
resuspension (Rachor and Gerlach 1978; Kröncke et al.
2001) and more rarely to extremely cold winters or anoxia
(Duineveld et al. 1991; Kröncke et al. 1998; Armonies et al.
2001).
Macrozoobenthos (relatively large bottom-dwelling ani-
mals) form a major component of the North Sea fauna. Most
benthic species have pelagic life stages that are likely to be
responsive to climate change. For example, the abundance of
decapod larvae in the plankton is positively correlated with
sea temperature and rising temperatures have resulted in
recruitment of large numbers of swimming crabs of the
sub-family Polybiinae in the southern North Sea (Luczak
et al. 2012). However, once settled on the seabed most
species have low mobility and a relatively long lifespan such
that individuals reflect integrated effects of climate and other
environmental changes over time at their location.
The role of bathymetry and prevailing environmental
conditions in structuring the benthic community is examined
and long-term temporal patterns are described. Examples of
climate effects on macrofauna communities are given from
two contrasting intertidal areas of the North Sea, the rocky
shores of the British coast and the intertidal flats in the
Wadden Sea. Benthic species play an important role in the
food web, as a food source for higher trophic levels such as
crabs, ﬁshes and migrant birds.
8.3.1 Spatial Patterns
Early studies in Danish waters described the spatial patterns
of the benthic fauna (Petersen 1914, 1918) and explained the
importance of seabed sediment type as a major structuring
force for macro-benthic communities. Later work examined
the influence of hydrodynamic mixing and concluded that
thermal stability of the water column (i.e. the occurrence and
Fig. 8.5 Ratio between the abundance of the temperate-water copepod species Calanus helgolandicus and the cold-water species C. ﬁnmarchicus.
Red indicates a dominance of C. helgolandicus and blue C. ﬁnmarchicus (Edwards et al. 2014)
248 K.M. Brander et al.
persistence of stratiﬁcation) was also an important explana-
tory variable for benthic community structure (Glémarec
1973). Shallow mixed waters in the southern North Sea have
benthic species assemblages that are distinct from those in
the central North Sea between 50 and 100 m deep, and in the
areas deeper than 100 m north of the Dogger Bank, where
the water column is stratiﬁed for a signiﬁcant proportion of
the year. Benthic animals in the North Sea are generally
categorised as northern, southern or cosmopolitan (Glémarec
1973; Rachor et al. 2007).
Wide-scale synoptic benthic surveys of the North Sea in
1986 (Heip et al. 1992; Künitzer et al. 1992) and repeated in
2000 (Rees et al. 2007a, b) showed a clear north-south
gradient across a range of habitats in the species of molluscs,
annelids, crustaceans and echinoderms present. There were
gradients in diversity, abundance, biomass and average
individual weight of the soft-bottom infauna. The
macro-benthic infauna (animals living within the substra-
tum), epifauna (animals living on or associated with the
surface of the substratum) and ﬁsh assemblages had signif-
icantly correlated spatial patterns (Fig. 8.6).
The correlated distributions suggest that large-scale gra-
dients in bathymetry, temperature and ocean currents were
particularly important in structuring the benthos. Benthic
community types, and the distribution of biomass and mean
individual weights of species have been relatively stable
over time (Kröncke and Reiss 2007).
The ability to detect changes in benthic communities in
the North Sea is hampered by lack of regular, standardised
time series, unlike the spatially and temporally extensive
surveys of the North Sea plankton. Consistent long-time
series for macrobenthos are limited to a few locations off the
north-east coast of England (Frid et al. 2009a, b) and in the
southern North Sea, off the Friesian coasts (Kröncke et al.
1998, 2001; Neumann et al. 2009). Thus, much of the
understanding of trends in North Sea benthos is based on
evidence from relatively few sites. However, because most
benthic animals have planktonic life stages the recent
advances in molecular analysis mean preserved plankton
samples can be now be reanalysed (Kirby and Lindley
2005). North Sea plankton samples, collected monthly by
CPR since 1948 from all parts of the North Sea, show
increasing abundance of meroplankton (the planktonic life
stages of benthic species) and a decline in the abundance of
holoplankton (permanent planktonic species) since 1958
(Lindley and Batten 2002). In contrast to deeper water
benthic species, rocky shore species are easier to survey due
to their greater accessibility and because their community
dynamics, biodiversity and ecology can be studied experi-
mentally (Sagarin et al. 1999; Tomanek and Helmuth 2002).
Benthic community structure in the North Sea is affected
by hydrographic variables; bottom water temperature has a
particularly strong influence, but also bottom water salinity,
and tidal stress (for the infauna). Chapter 1 discusses the
dynamics of water masses in the North Sea and effects on
hydrographic properties which affect the composition and
productivity of pelagic (planktonic) communities (see
Sect. 8.2) which, in turn, affect the benthic communities. The
North Atlantic Oscillation (NAO) drives some of the observed
changes in benthic-pelagic coupling and has been shown to
affect benthic communities off north-eastern Germany
(Kröncke et al. 1998, 2001) and in the Skagerrak off western
Sweden (Tunberg and Nelson 1998), by causing variability in
nutrient supply, changes in planktonic biomass and so
Fig. 8.6 Distribution of a infauna, b epifauna, and c ﬁsh assemblages in the North Sea. Colours depict different assemblages. The underlying
cluster analyses and taxa associated with each assemblage are given in Reiss et al. (2010)
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changes in benthos through sedimentation (e.g. Tunberg and
Nelson 1998; Reid and Edwards 2001; Kirby et al. 2007).
The occurrence and densities of a wide range of species
show distributional depth limits, but also a close association
with habitat type, on which biogeographical influences may
be superimposed (Künitzer et al. 1992; Zühlke 2001). Water
depth, prevalence of ﬁne soft-sediments and community
diversity all increase from south to north. Mean annual and
maximum temperatures increase along a northwest to
southeast gradient, while minimum temperature decreases
(Hiddink et al. 2014) and is correlated with a decrease in
biomass and individual weight of species (Eggleton et al.
2007; Willems et al. 2007). Coarser substrata in the
south-western North Sea and eastern English Channel gen-
erally support species-rich communities and hence contrast
with the trend for increasing diversity of the fauna of ﬁner
sediments to the north, highlighting the importance of sed-
iment heterogeneity and stability in favouring a greater
number of species present.
8.3.2 Climate-Driven Temporal Trends
The northern range edge of many benthic invertebrate spe-
cies in the North Sea has expanded with increased temper-
ature (Hiddink et al. 2014). For example, a southern trochid
gastropod that was surveyed in British waters in the 1950s,
1980s and in 2002–2004 showed a range extension of up to
55 km between the 1980s and 2000s (Mieszkowska et al.
2007). Populations sampled over a latitudinal extent of 4°
from northern limits towards the centre of the range showed
synchronous increases in abundance throughout the years
sampled, suggesting that a large-scale factor such as climate
was driving the observed changes (Mieszkowska et al.
2007).
The abrupt rise in temperature (Fig. 8.3) and spring wind
strength (Chap. 1) during the late 1980s that resulted in
major changes (regime shift) in the plankton ecosystem
(Fig. 8.4) was not observed to affect the macrobenthos until
1995/96 (Neumann et al. 2009; Luczak et al. 2012).
Site-speciﬁc species richness increased off the northeast
coast of England between the 1970s/1980s and 1990s/2000s
(Frid et al. 2009a).
The annual abundance of planktonic larvae of three
benthic phyla, Echinodermata, Arthropoda, and Mollusca,
respond positively and immediately to changes in SST. The
planktonic larvae of echinoderms and decapod crustaceans
increased in abundance from 1958 to 2005, especially after
the mid-1980s, as North Sea SST increased, but abundance
of bivalve mollusc larvae declined. Changes in meroplank-
ton abundance, coincident with increased phytoplankton and
declining holoplankton, are probably due to the direct effects
of rising SST on the pelagic community and indirect effects
of warming on the reproduction and recruitment of many
benthic marine invertebrates. The long-term decline in
bivalve mollusc larvae may reflect increased predation on
the settled larvae and adults by benthic decapods (Kirby
et al. 2008). These alterations in the zooplankton may
therefore reflect an ecosystem-wide restructuring of North
Sea trophic interactions (Kirby et al. 2008).
Mean abundances of macrobenthos at depths of 40 to
120 m at two locations inside Gullmarsfjorden, on the
Swedish west coast, and three locations outside the fjord, are
negatively correlated with temperature at 600 m in the
Skagerrak. This may be due to an NAO-influenced increase
in the upwelling of nutrient-rich deep water resulting in
increased primary production and food supply to the benthos
(Hagberg and Tunberg 2000). Indeed, the impacts of climate
change on benthic invertebrates seem to arise from changes
in temperature, nutrients and hydrodynamics affecting food
supply and hence reproduction (e.g. Kröncke et al. 1998,
2001; Armonies et al. 2001; Clark and Frid 2001).
8.3.3 Climate Impacts on Intertidal Species
on Rocky Shores
It has long been known that many intertidal rocky shore
species reach their biogeographic limits around the British
Isles (Forbes 1858; Hawkins et al. 2009) and changes in the
distribution of intertidal species on rocky shores have been
related to climate variability and change for decades. For
example, the relative abundance of two barnacle species
during the early twentieth century—Balanus balanoides, a
Boreal-Arctic species that reaches its southern limit in the
SW British Isles and Chthamalus stellatus, a Lusitanian-
Tropical species that reaches its northern limit in Scotland—
was shown to be related to warm and cold periods (South-
ward and Crisp 1954). Recent surveys have updated these
historic records and show that a number of warm-temperate
rocky shore species have extended (or re-extended) their
northern limits since the abrupt warming of the late 1980s
(Southward et al. 1995; Mieszkowska et al. 2006). It seems
that more southern, warm-water species have been recorded
advancing polewards than northern, cold-water species
retreating (Hawkins et al. 2009).
Responses seem to be species- and habitat-speciﬁc, with
the likelihood of range extensions determined by a combi-
nation of life history traits including reproductive mode,
fecundity, larval behaviour and larval duration, all of which
have the potential to influence dispersal capability. In con-
trast to plankton in open pelagic systems, it is unlikely that
whole assemblages of intertidal rocky shore species will
shift simultaneously (Hawkins et al. 2009) owing to their
speciﬁc requirements in terms of degree of exposure, vertical
zonation and substrate attachment.
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The balance between grazers/suspension feeders and
fucoids is likely to alter as climate changes. Grazing on algae
is likely to increase, and there will be stronger interactions
between environmentally-induced stress and increased
grazing pressure on early life stages of many species
(Coleman et al. 2006; Hawkins et al. 2009).
8.3.4 Changes in Wadden Sea Intertidal
Macrofauna Communities
and Climate
In recent decades the fauna and flora on intertidal flats in the
Wadden Sea have been affected by increasing temperature,
accelerated sea-level rise, epidemic diseases, invasion of
non-native species, and human pressures from ﬁsheries,
habitat alteration (seawall building, harbour construction,
dredging), eutrophication and/or pollution (Oost et al. 2009).
A long-term survey (1930–2009) of changes in macro-
fauna communities in Jade Bay, a shallow sedimentary tidal
bay in the German Wadden Sea shows increasing species
richness from 65 taxa in the 1930s, to 83 taxa in the 1970s
and 114 taxa in 2009 (Schückel and Kröncke 2013). The
most striking difference between 1930 and 2009 was the
increase in numbers of non-native species, which was
attributed to species introduced by shipping. Since many of
these species originated from warmer coasts, it is likely that
their ability to settle, survive and reproduce in the North Sea
is due to increasing temperature (Van der Graaf et al. 2009).
Trophic structure in Jade Bay was dominated by surface
deposit feeders in the 1930s, but this feeding mode had
decreased by the 1970s. Suspension feeders, mainly
bivalves, became dominant. Subsurface deposit feeders had
increased by 2009 together with deposit and interface
feeders, while suspension feeders had again declined
(Schückel and Kröncke 2013).
Drivers behind the observed temporal patterns may be the
decreasing nutrient levels in Jade Bay and the whole Wad-
den Sea between 1981 and 2003 (see also Chap. 3), but the
decline of bivalve species biomass by 2009 may be due to
frequent recruitment failure, related to temperature increase.
One consequence of the increase in winter temperatures
of about 1.5 °C since the 1980s is greater body weight loss
during winter, with subsequent production of fewer and
smaller eggs (Beukema et al. 2002; Beukema and Dekker
2005). An alternative explanation for recruitment failure,
also related to changes in sea temperature, might be
enhanced shrimp predation of settled bivalve recruits.
Juvenile grey (or common) shrimp Crangon crangon were
more abundant after mild winters than after cold winters
caused by earlier arrival of shrimps from the open, colder
North Sea (Beukema and Dekker 2005). Grey shrimp
abundance in Jade Bay was an order of magnitude higher in
spring in the 2000s compared to the 1970s (Schückel and
Kröncke 2013). More generally, increasing temperature is
expected to favour crustaceans and especially the grey
shrimp. The reason may be that increased temperatures are
unfavourable for cod, an important predator, thus reducing
the predation mortality of epibenthic species including the
grey shrimp (Freitas et al. 2007). Predation by grey shrimp
on bivalve spat (bottom-settled larvae) may have a knock-on
effect on the productivity of the mussel beds as foraging
areas for breeding shorebirds and refuelling areas for
long-distance migratory birds. Young mussels are also for-
aged by the common starﬁsh Asterias rubens, with little
impact during average winter conditions, however this
impact may rise with increasing temperature. An increase of
2 °C could double the rate of foraging by common starﬁsh
(Agüera et al. 2012). Thus, climate-induced changes on one
trophic level can have important consequences for food-web
structure and functioning; a change in species composition
in favour of some key species may have cascading effects
through the food web associated with intertidal areas. On the
Dutch tidal flats the effects of increasing temperature have so
far been small compared with human impacts, such as
mechanical cockle ﬁsheries. However, since dredging for
cockles is currently banned, the effects of rising temperature
may become more important in the future.
8.4 Fish
Over 200 species of ﬁsh have been recorded from the North
Sea, including three species of Agnatha (lampreys and
hagﬁsh), about 40 species of Chondrichthyes (cartilaginous
ﬁshes) and the rest Osteichthyes (bony ﬁshes). The ﬁsh
fauna includes deepwater species along the northern shelf
edge and in the deep Norwegian Trench and Skagerrak,
many shelf sea species and also species that occur in shallow
water and estuaries. Cold-water species such as Atlantic cod
Gadus morhua and Atlantic herring Clupea harengus occur
in the North Sea close to the warm end of their range and
southern, warm-water species such as common sole Solea
solea and sardine Sardina pilchardus close to the cold end of
their range.
Abundances of each species range from rare to common,
but with considerable variability in relative numbers over
time, as the North Sea has undergone warmer and cooler
periods since the last ice age (Enghoff et al. 2007). The
post-glacial inundation of the area south of 55°N occurred
about 8000 BP, so much of the North Sea has been invaded
by ﬁsh fairly recently. Currently about 20 species, most
targeted by commercial ﬁsheries, account for 95 % of the
total ﬁsh biomass.
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8.4.1 Long-Term Change in Fish Fauna
The Atlantic Holocene warm period lasted from 7000 to
4000 BP, with temperatures on average 2–2.5 °C above
recent annual means. Fish identiﬁed from archaeological
remains of Mesolithic settlements in Denmark include at
least 49 species, most of which are common today, but also
several that occur mainly in warm-temperate water, includ-
ing smoothhound Mustelus sp., common stingray Dasyatis
pastinaca, European anchovy Engraulis encrasicolus,
European seabass Dicentrarchus labrax, black sea bream
Spondyliosoma cantharus and swordﬁsh Xiphias gladius
(Enghoff et al. 2007). These warmer water species have all
reappeared or increased in abundance over the past thirty
years.
Declining catches since the fourteenth century from
accessible nearshore areas of the North Sea led to the
development of ever more distant ﬁsheries at Iceland, in the
NW Atlantic and in the Barents Sea, to feed the growing
human population.
8.4.2 Recent Effects of Climate Change on Fish
The increased abundance of warm-temperate ﬁsh species has
had a remarkable effect on species richness in the North Sea.
The ICES-coordinated International Bottom Trawl Survey
(IBTS) Programme, samples more than 300 stations
throughout the North Sea in the ﬁrst quarter of each year
(January–March). Over the period 1985 to 2006, species
richness increased from around 60 species to almost 90 and
the increase is positively related to the increase in
sea-bottom temperature (SBT) during that quarter, which
rose by an average of 0.7 °C decade−1 (Fig. 8.7). The
increase in species richness is consistent with both the earlier
observation that rate of advance of leading edges of distri-
butions is more rapid than the retreat of trailing edges and
with the generally higher species richness of warmer areas.
The apparent persistence of cool-temperate species during
the Mesolithic warm period suggests that the effect is not just
a transient one.
Climate (particularly temperature) can affect ﬁsh and
other biota due to direct and indirect effects. Direct effects
include physiological effects on growth and maturation,
behavioural effects that alter migration and distribution, and
displacement effects brought about by alteration of circula-
tion patterns that transport and disperse eggs and larvae.
Indirect effects include changes in the seasonal production of
planktonic crustaceans, especially copepods, which form the
larval diet of most ﬁsh species, and other complex food-web
effects that result from changes in prey and predator com-
munities and that can act at all life history stages. Examples
of all these types of effect can be found in the North Sea, but
because the variety and complexity of the processes (and
their interactions) defy a concise, balanced review, the
examples presented in the following sections are inevitably
selective and partial.
8.4.3 Growth, Phenology and Behaviour
Atlantic cod Gadus morhua, being widely distributed,
common and harvested both in the wild and in aquaculture is
probably the most intensively studied marine ﬁsh species.
Growth of cod has been shown to depend, among other
factors, on food supply and temperature (Bjornsson et al.
2001). When food is not limited, the temperature producing
the highest growth rate varies from >12 °C for juvenile ﬁsh
(body mass <100 g) to <7 °C for adult ﬁsh (body mass
<5000 g) (Brander 2010). This pattern of change in optimal
temperature for growth with body size is due to changing
metabolic constraints and means that the same change in
temperature can cause both a reduction in growth rate of one
life history stage and an increase in another. When food is
limited, optimal growth occurs at lower temperatures.
Changes in phenology and growth are linked. Seasonal
variations in otolith zone formation have been used to show
how changes in temperature in the southern North Sea from
1985 to 2004 affected both phenology and growth of cod.
Translucent otolith zones occur up to 22 days earlier in
warm than in cold years and appear to be indicative of the
onset of metabolic stress that results in slower growth
Fig. 8.7 Change in North Sea
ﬁsh species richness. a Total
number of species increases with
time. b Total number of species
increases with temperature
(Hiddink and ter Hofstede 2008)
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(Millner et al. 2011). Although changes in available food
(possibly due to seasonal mismatch in production timing)
have been suggested as a possible cause of the change in
translucent zone formation, experimental evidence indicates
that direct temperature effects are more likely (Neat et al.
2008).
The effect of changing temperature on growth of more
than 100,000 juvenile cod was investigated using a stan-
dardised annual ﬁshing survey in the Skagerrak from 1919 to
2010 (Rogers et al. 2011). Warm springs (SST >4 °C) since
1987 led to increased growth of juvenile cod, but warm
summers (SST >16 °C) resulted in reduced growth.
Density-dependent effects were detected, but not at the lower
population levels of recent years. Fine-scale mapping of ﬁsh
densities and of local growth dynamics was required to
resolve temperature and density effects.
Apart from demonstrating the value of long, detailed,
standardised time series, this growth study suggests other
important lessons for understanding and predicting the
effects of climate. Effects of temperature on growth can be
positive at one time of the year and negative at another,
particularly where seasonal variability in temperature is
high. In the Skagerrak the negative summer effects on cod
growth may eventually outweigh the positive spring effects,
as temperature rises, but the speed of this will depend on
whether the juvenile ﬁsh can change their location, partic-
ularly their vertical distribution, in order to remain in cooler
(deeper) water.
Information collected using data storage tags from eight
regions of the North Atlantic shows that cod can tolerate a
wide thermal range (typically 12 °C within a stock range)
and have sophisticated behavioural thermoregulation. Cod
from north of 57° 30′N in the North Sea experienced a range
of temperature between 5.5 and 14.5 °C but south of this
latitude the range experienced was much wider spanning
from 2.3 to 19.5 °C. The temperature range in the southern
North Sea is much wider than in the northern North Sea,
with lower winter temperatures (Righton et al. 2010). The
data storage tags showed that cod in the southern North Sea
remained in water above their optimal temperature for
growth during the summer, even when there was cooler
water nearby, which some ﬁsh moved into (Neat and
Righton 2007).
The growth rates of co-occurring juveniles of two flatﬁsh
species, common sole Solea solea (a warm-temperate spe-
cies) and plaice Pleuronectes platessa (a cool-temperate
species) responded differently to the effect of rising tem-
perature in the southeast North Sea between 1970 and 2004
(Teal et al. 2008). Warmer winter temperatures signiﬁcantly
lengthened the growing period of juvenile sole but not of
plaice and warmer summer temperatures increased the
growth rate of sole and, to a lesser extent, plaice. From July
to September there was evidence of food-limited growth;
thus a reduction in food production in the nursery areas
(whether due to increased temperature or other factors such
as oxygen limitation) could result in further reduction of
growth rates.
Four out of seven sole stocks around the British Isles,
including those in the east-central and southern North Sea,
showed a signiﬁcant trend towards earlier spawning over the
40-year period 1970 to 2010, with peak timing of spawning
advancing by 1.35 ± 0.19 weeks for every 1 °C rise in
winter temperature (Fincham et al. 2013). This shift in
phenology is at roughly the same rate as the change observed
in cod zone formation.
Growth of haddock Melanogrammus aegleﬁnus in the
North Sea seems to have responded to increasing tempera-
ture during the period 1970 to 2006, with faster growth rate,
a smaller asymptotic size and earlier maturation (Baudron
et al. 2011). This may affect the productivity and repro-
duction of the stock. An extension of this analysis to include
seven other North Sea ﬁsh species also showed an overall
decline in asymptotic size (Baudron et al. 2014), but half of
the decline in asymptotic size took place prior to 1988,
during a period when temperature declined, suggesting that
other factors are at work such as food limitation (as previ-
ously mentioned for plaice and sole).
8.4.4 Distribution
Changes in distribution are often thought of as movements
of a population brought about by migration, as ecological
conditions become less favourable. In the extreme the
original stocks or species occupying an area may be imag-
ined moving out and another set moving in. This process
clearly does not apply in the case of rooted plants or sessile
organisms, which cannot move, and migration probably
makes only a limited contribution to observed distribution
shifts in ﬁsh. For example, genetic and meristic information
shows that the European anchovy population expansion in
the North Sea since the mid-1990s is due to increasing
abundance of a relict North Sea population and not to a
northward shift of southern conspeciﬁcs from the western
English Channel and Bay of Biscay (Petitgas et al. 2012).
Changing ecological conditions that affect growth, matura-
tion, survival and reproductive output result in distribution
shifts over time, due to population increase or decline within
a given area. Nevertheless, there are also many examples of
species being detected where they had never occurred before
and these obviously require invasion either by passive
transport during planktonic stages or by migration of juve-
nile and adult ﬁsh (Quero et al. 1998; Brander et al. 2003).
Since most of the North Sea has existed for less than
10,000 years all ﬁsh species are relatively recent
immigrants.
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Forty-ﬁve years of annual international standardised sci-
entiﬁc trawl surveys provide detailed information on the
distribution of ﬁsh throughout the whole North Sea.1 Other
national scientiﬁc data sources go back to the early 20th
century, as do detailed statistics of commercial catch and
effort, thus including periods of cooling as well as warming.
Most ﬁsh species have exhibited northerly shifts in mean
latitude and/or movements into deeper water over the past
thirty years. Boundary shifts occurred in half of the species
with northerly or southerly range margins in the North Sea
and all but one shifted northward. Species with
northward-shifting distributions had faster life cycles and
smaller body sizes than non-shifting species (Perry et al.
2005). The shifts in latitude or into deeper water were cor-
related with variations in temperature estimated from mea-
surements carried out during the same surveys and implied
that shifting species remained within a constant temperature
range (Beare et al. 2004; Heath et al. 2012). The landings
distributions of cod, saithe Pollachius virens, haddock,
European hake Merluccius merluccius, and European sea-
bass all showed northward shifts of 25–50 km decade−1
between the 1970s and 1990s however these are the result of
several interacting factors in addition to climate.
A detailed study of the changing distributions of plaice
and sole since 1923 using a combination of research survey
and commercial catch data shows contrasting patterns. The
sole distribution shifted north from the 1920s to 1960 and
then south, whereas plaice shifted north from 1947 onwards.
Depth distributions also changed in opposite directions (see
Fig. 8.8).
The distribution shift in plaice was attributed to climate
change rather than ﬁshing, but the sole distribution was
influenced by both climate and ﬁshing. However other fac-
tors including eutrophication, prey availability and habitat
modiﬁcation probably also need to be considered. There has
been a remarkable westward jump in the plaice distribution
since the late 1980s, apparently reflecting a collapse of the
population in the east-central North Sea and increased
abundance off Scotland (Engelhard et al. 2011). A similar
analysis of changes in North Sea cod since 1912 (Engelhard
et al. 2014) shows that their distribution shifted northward,
but only since the late 1990s, and can be related to tem-
perature. A major west to east shift in cod distribution from
the early 1980s to 2000 can be related to ﬁsheries-induced
reduction in stock biomass rather than climate.
Red mullet Mullus surmuletus was not caught in research
trawl surveys prior to the late 1980s but has become com-
mon in the north-eastern North Sea and also the Skagerrak
(Fig. 8.9). This distribution pattern probably indicates that it
has migrated into the North Sea from the north. There is
some evidence that it migrates northward in winter to avoid
the colder water in the southern North Sea (Beare et al.
2005).
The effects of climate and ﬁshing interact to change the
structure of ﬁsh communities. The scale of industrial (forage
ﬁsh) ﬁsheries in the North Sea has resulted in a ﬁsh com-
munity with fewer predatory ﬁsh compared to areas such as
the Celtic Sea. Fish production in the North Sea is more
strongly coupled to zooplankton production than is the case
in the Celtic Sea and so it is likely that the effects of climate
on North Sea ﬁsh are primarily via trophic links to the lower
end of the food chain (Heath 2005). In this context the
effects of climate change on lesser sandeel Ammodytes
marinus may be particularly critical, since it is a
non-migratory species that is very dependent on the avail-
ability of coarse sandy substrate (Heath et al. 2012).
8.4.5 Recruitment
Climate is one of the factors regulating recruitment of ﬁsh in
the North Sea. It has been shown to influence many species,
including cod, sole, plaice and herring. Temperature gener-
ally has a positive effect on recruitment of cod stocks at the
cold end of their latitudinal range and a negative effect on
warm-water stocks, including the North Sea stock (Planque
and Fredou 1999). The relation has been shown using dif-
ferent statistical stock-recruitment models (Olsen et al. 2011;
Ottersen et al. 2013) and is thought to be responsible for the
series of high recruitment during the cold period of the
1960s and early 1970s (O’Brien et al. 2000; Brander and
Mohn 2004), contributing also to the ‘gadoid outburst’ of the
late 1960s to mid-1980s, when productivity of cod and other
demersal stocks was extraordinarily high (Cushing 1984;
Rijnsdorp et al. 2010). Cod recruitment has been low during
recent warm years and the stock biomass may remain low
unless cooler conditions return (Olsen et al. 2011).
Direct physiological effects of temperature on cod (par-
ticularly growth) have already been described. The temper-
ature effect on recruitment is mediated through survival
during the planktonic and early life stages and is probably
due to a combination of direct and indirect effects. Produc-
tion of a sufﬁcient supply of the right sizes and quality of
zooplankton prey, in particular the cool-temperate copepod
Calanus ﬁnmarchicus, at the right time of year affects cod
survival and recruitment (Beaugrand et al. 2003; Miesz-
kowska et al. 2009). Climate-related changes in spring SST
and copepod abundance have consequences for the spatial
patterns of recruitment in the North Sea (Nicolas et al. 2014)
and probably for adult distribution as well.
Herring in the North Sea have experienced two periods of
weak recruitment during recent decades. Poor recruitment
during the period 1971–1979 has been ascribed to low1http://ices.dk/marine-data/data-portals/Pages/DATRAS.aspx.
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spawning biomass and insufﬁcient egg production, however,
recruitment to the central and northern populations may also
have been affected by reduced Atlantic inflow into the
north-western North Sea, resulting in unfavourable envi-
ronmental conditions (Corten 2013). A second, continuing
period of weak recruitment began in 2002, when the adult
population was large and exploitation low. This is ascribed
to the warming of the North Sea and substantial changes in
the zooplankton community described earlier in this chapter
(Payne et al. 2009, 2013) which resulted in lower growth
rates of larvae and hence probably lower survival. The North
Sea herring population consists of several spawning com-
ponents and recruitment is the sum of the survivors of many
spawning events, with different spawning grounds and tim-
ing, experiencing different environmental conditions (Hjøllo
et al. 2009; Rijnsdorp et al. 2009). It is therefore naïve to
search for single environmental drivers; spatial and temporal
differences must be taken into account, as must the influence
of parental factors (Dickey-Collas et al. 2010).
It is paradoxical that recruitment of both sole and plaice is
higher following cold spring conditions (Ottersen et al.
2013), since plaice is close to the warm end of its range in
the North Sea and sole is close to the cold end of its range.
Cold temperatures in March delay spawning in sole, but it is
not known whether recruitment is determined during the
pelagic egg and larval stages, or during the early demersal
stage (van der Land 1991; Kjesbu et al. 1998; Rijnsdorp and
Witthames 2005).
For plaice the higher survival during colder winters is
probably related to mortality of their predators during both
the pelagic and early demersal stages (Van der Veer et al.
Fig. 8.8 Long-term changes in a latitude b longitude and c depth of North Sea sole (left panels) and plaice (right panels) using weighted mean
catch-per-unit-effort (vertical bars are standard error of means) (Engelhard et al. 2011)
Fig. 8.9 Change in abundance of red mullet in ﬁrst-quarter research
surveys. The darker the colour, the greater the increase in abundance in
the period 2000–2005 relative to 1977–1989 within each½° latitude ×1°
longitude rectangle (ICES 2008)
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2009). Temperature may also affect the transport of the
pelagic egg and larval stages, thus influencing the proportion
of larvae reaching coastal nursery grounds (Van der Veer
et al. 1998; Bolle et al. 2009). Available habitat for plaice in
the North Sea may be reduced with climate change (Petitgas
et al. 2013).
8.4.6 Prediction
The North Sea is one of the few areas where it is possible to
compare several models of the effects of climate change on
ﬁsh distribution and to test them against detailed long time
series of actual distribution change. Three ‘climate envelope’
models (AquaMaps, Maxent, and the Sea Around Us project
model) were used to project distributions of 14 North Sea
ﬁsh species, based on data on existing distributions in rela-
tion to a range of environmental parameters, with some
‘expert guidance’ to exclude areas where the species were
known not to exist (Jones et al. 2012). The three approaches
produced predictions of relative habitat suitability which
were reasonable given the occurrence data of each species.
However, this analysis does not indicate whether there are
differences in the capabilities of each model to expose
speciﬁc features of the distribution, such as the pattern of
relative habitat suitability (Jones et al. 2012).
Uncertainties arise from differences in data-types used,
parameterisation and model structure. A multi-model
ensemble approach is essential to project distribution ran-
ges. It is evident that there can be an almost limitless number
of factors and interactions influencing distribution ranges
that are not included in the list of environmental variables in
the box (e.g. substrate type, parasites, essential trophic links,
oxygen). In the North Sea the dynamics and hydrographic
characteristics of inflows from the English Channel, western
European Shelf, Norwegian Sea and Baltic Sea have a huge
bearing on the potential for species to invade and survive.
The experience of trying to determine the causes of
observed changes in ﬁsh distributions in the North Sea is
valuable because it shows how difﬁcult this can be. The
availability of good long-term data tends to show that simple
hypotheses (e.g. ﬁsh move north when it gets warmer) are
incorrect or incomplete. The effects of ﬁsh behaviour,
genetic adaptation, habitat dependency and the impacts of
ﬁshing, result in complex responses that are not explained by
simple climate envelope predictions. This point is well
illustrated by a recent study that analysed research survey
data from 33 years of summer (69 1° × 1° rectangles) and
winter (84 1° × 1° rectangles) trawl surveys for the ten most
abundant demersal species in the commercial ﬁsheries
(Rutterford et al. 2015). General additive models (GAMs)
trained on ten-year time periods early in the series can
reliably predict later periods for most species using seasonal
temperatures, depth and salinity, with co-varying habitat
variables also important. The result of coupling these GAMs
with projections of North Sea ocean climate for the next
50 years suggests that future distributions of most of the ten
current major demersal species will be constrained by the
availability of habitat of suitable depth, leading to pro-
nounced changes in community structure, species interac-
tions and ﬁsheries potential for these species. Rutterford
et al. (2015) advised caution when applying process-based
model projections of distributional shifts, and proposed that
interpretations should be informed by data-driven modelling
approaches, especially when using predictions for policy and
management planning.
Ocean acidiﬁcation will undoubtedly affect ﬁsh in the
North Sea, however the nature and time-scale of these effects
is difﬁcult to predict. The early life stages of ﬁsh are prob-
ably more sensitive and vulnerable to acidiﬁcation, but the
main impacts may be indirect, through changes in other
more sensitive taxa and in the productivity and structure of
the lower trophic levels. Calcifying planktonic organisms are
likely to be affected by the end of the 21st century but the
direct effect on ﬁsh sensory systems may also cause subtle
behavioural changes with possible population-level impli-
cations (Wittmann and Pörtner 2013).
8.4.7 Climate and Fish Fauna
in the Dutch Wadden Sea
The previous sections mainly relate to the open North Sea,
and the impacts of climate change on ﬁsh may be different in
the shallow southern parts such as the Wadden Sea, a
nursery area for many ﬁsh species, including several com-
mercially ﬁshed stocks. The relatively warm water, rich food
supply and possibilities to hide from predators provide a safe
haven for young ﬁsh of species such as plaice, sole, whiting
Merlangius merlangus, herring, and sprat Sprattus sprattus.
The adults often spawn further offshore in the North Sea and
the eggs and/or larvae drift with the currents towards the
coast and into the Wadden Sea (Bolle et al. 2009;
Dickey-Collas et al. 2009). Here they can grow rapidly,
feeding on invertebrates or plankton. During the ﬁrst years
of life they show seasonal migrations: spending the growing
season inside the Wadden Sea and moving to the deeper
waters in the North Sea in winter. Besides its role as a
nursery area, the Wadden Sea is also home to resident ﬁsh
species and provides feeding habitat and passage to migrants
and seasonal visitors.
Pronounced changes have taken place in the biomass of
demersal ﬁsh in the Dutch Wadden Sea since monitoring
started in 1960–1970. In particular, the marine juvenile guild
shows a dome-shaped pattern in abundance, with an increase
from the start of the time series, peaking in the 1980s and
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decreasing towards the present. The role of the Dutch
Wadden Sea as a nursery area seems to have changed con-
siderably, a pattern which is most prominent in plaice but
also apparent in some other flatﬁsh species. The densities of
0-year old plaice have strongly reduced since the mid-1980s
to a stable and low level that has not changed since 2000.
The period in which they use the area has also changed:
instead of staying from early spring until October, they now
tend to disappear in July/August. The 1- and 2-year olds
have disappeared completely since the end of the 20th
century.
Although several mechanisms may be operating, climate
change is a likely cause of these alterations. Using dynamic
energy budgets, Teal et al. (2012) showed that the most
likely explanation for the recent loss of the nursery function,
especially for plaice, is that increased temperatures make
coastal areas unsuitable for growth. Growth rate data for
0-year old plaice showed that recent higher summer tem-
peratures result in metabolic activity raised to levels at which
food becomes limiting (Teal et al. 2008).
In contrast to the decline observed in overall biomass,
dominated by marine juveniles, the resident species show an
increase followed by a stable period in the coastal area.
However, understanding of the mechanisms acting on the
different resident species is still very limited. One exception
is the discovery that the decline observed in eelpout Zoarces
vivparus in the Wadden Sea since 1985 is due to an increase
in temperature above the thermal maximum of the species,
causing thermally limited oxygen delivery (Pörtner and
Knust 2007).
Thus, the mechanisms underlying the large changes
observed in the ﬁsh fauna of the Wadden Sea are still largely
unknown. They are certainly partly climate related, but the
impacts of changes in food, predators and abiotic factors
acting on the different life stages are still poorly understood
(Rijnsdorp et al. 2009).
8.5 Seabirds
Predicting the effects of climate variability on and through
the different trophic levels is a major challenge, and one that
increases in complexity at successively higher levels of the
food web (Myksvoll et al. 2013). Seabirds are typically at
the top of the marine food web and are the most numerous
and visible of marine top predators. Furthermore, they are
considered important indicators of the state of the marine
ecosystem (Piatt and Sydeman 2007; Wanless et al. 2007).
Worldwide, seabirds have declined faster than terrestrial bird
groups with comparable numbers of species (Croxall et al.
2012), with most trends consistent with climate change
(Poloczanska et al. 2013).
Seabirds can be affected by changing climate both
directly, for example, if extreme weather becomes more
frequent, or indirectly, through changes in their food supply.
There is a substantial body of evidence suggesting that in
most cases indirect effects are the more important of the two,
with fluctuations in seabird demography and population
dynamics caused in part by climate fluctuations acting
through the availability and distribution of food. Effects of
climate on life history traits have been documented across
many species and populations (Sandvik and Erikstad 2008;
Satterthwaite et al. 2012) including black-legged kittiwakes
Rissa tridactyla (Aebischer et al. 1990; Furness and Tasker
2000) and (northern) fulmars Fulmarus glacialis (Thompson
and Ollason 2001) in the North Sea.
8.5.1 Trends in Number of Breeding Birds
Seabird populations in the North Sea have shown strong
changes in most species over recent decades. While popu-
lations may have been at a historic low in the early decades
of the 20th century, most species strongly increased in the
latter half of the 20th century (e.g. Mitchell et al. 2004;
Mendel et al. 2008). The relaxation of persecution, egg
collection and exploitation are probably the most important
factors underlying these increases at least initially (Cam-
phuysen and Garthe 2000). Commercial ﬁsheries, especially
through the vast amounts of discards and offal (Garthe et al.
1996), and overﬁshing of predatory ﬁsh (Furness 2002) are
also likely to have been major drivers. Seabird population
trends have developed differently since the end of the 20th
century and many populations are now in decline, while
others are relatively stable and some show increasing
abundance (Fig. 8.10). The reasons for these trends are
difﬁcult to quantify, but ongoing changes in ﬁsheries prac-
tice and climate-related changes are likely to be involved.
8.5.2 Case Studies Highlighting Climate
Impacts on North Sea Seabirds
Case Study 1: The role of changes in oceanography and
industrial ﬁsheries in the decline of black-legged kittiwakes.
In the North Sea, climate is known to affect several seabird
populations through their main prey species, lesser sandeel,
also called sandlance. Although Arnott and Ruxton (2002)
and van Deurs et al. (2009) found this species to be sensitive
to changes in sea temperature, this important forage ﬁsh is
very difﬁcult to study, and little is known about how it is
affected by rising sea temperatures.
Studies indicate that in recent warmer years, birds have
been struggling to ﬁnd sufﬁcient food for their chicks,
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because sandeels have been too few, too small, too lean, or
have not been available at the right time. Several species of
seabird breed later and less successfully, and survival of
adult birds is also lower in warmer years (Daunt and
Mitchell 2013).
Breeding success of black-legged kittiwakes in the UK,
particularly at colonies along the North Sea coast, has been
advocated as a reliable and sensitive indicator of the state of
the marine ecosystem for those predators that are reliant on
sandeel (Furness and Tasker 2000; Wanless et al. 2007).
Breeding success at a given colony of black-legged kitti-
wakes in the UK is therefore considered to reflect some
measure of sandeel availability during the period that birds
are associated with the colony, and this assumption is sup-
ported by a clear regional clustering of kittiwake breeding
success corresponding to the known spatial structuring in
sandeel populations (Frederiksen et al. 2005).
Black-legged kittiwake populations have declined by
more than 50 % since 1990, a period during which a lesser
sandeel ﬁshery was active and profound oceanographic
changes occurred. Frederiksen et al. (2004b) studied the role
of ﬁsheries and oceanography in kittiwake declines on the
Isle of May, southeast Scotland, where sandeels are the main
prey. Breeding success and adult survival were low when the
sandeel ﬁshery was active (1991–1998) and were also neg-
atively correlated with winter sea temperature, with a 1-year
lag for breeding success. An observed improvement in
breeding success from 2000 onwards has not been enough to
halt the population decline. To stabilise the population,
breeding success must increase to unprecedented levels or
survival needs to increase substantially. Stochastic mod-
elling indicated that the population was unlikely to increase
if the ﬁshery was active or sea temperature increased, and
that the population was almost certain to decrease if both
occurred. Sandeel recruitment is reduced in warm winters,
and Frederiksen et al. (2004a) proposed that this explains the
temperature effects on kittiwake survival and breeding suc-
cess. The sandeel ﬁshery also had a strong effect on kitti-
wake demographic performance, although the exact
mechanism is unclear as kittiwakes and ﬁshermen target
different sandeel age groups.
Case Study 2: Breeding success of North Sea seabirds
related to copepod abundance and distribution. The cope-
pod Calanus ﬁnmarchicus is a key species for the tropho-
dynamics of boreal ecosystems of the North Atlantic Ocean
(Planque and Batten 2000). The species is a very important
prey item for the small ﬁsh favoured by seabirds (Beaugrand
et al. 2003). In particular, the recruitment of lesser sandeel in
the North Sea is strongly positively correlated with C. ﬁn-
marchicus abundance (van Deurs et al. 2009).
It is generally accepted that the distribution of C. ﬁn-
marchicus in the North Atlantic reflects its thermal niche,
along with advection from deep-water overwintering areas
onto continental shelves such as the North Sea (Speirs et al.
2006; Helaouet and Beaugrand 2007). In accordance with
recent warming, large declines in abundance of C. ﬁn-
marchicus have occurred in the North Sea (Beaugrand et al.
2002) and low reproductive success of several forage-ﬁsh-
dependent seabird species has been linked to these declines
(Frederiksen et al. 2006).
If C. ﬁnmarchicus is not replaced by other zooplankton
suitable as prey for small ﬁsh, seabird populations are likely
to experience reduced breeding success, leading to further
declines in population size (Frederiksen et al. 2013). Indeed,
a close relative of C. ﬁnmarchicus, the warm-temperate C.
helgolandicus has increased in abundance in the North Sea
over recent decades as C. ﬁnmarchicus abundance has
declined (Beaugrand et al. 2002). Nevertheless, C.
Fig. 8.10 Contrasting population trends for three seabird species
breeding in the Greater North Sea from 1991–2010 (OSPAR Region
II). Year 2000 was chosen as the baseline with the index value set to
100. Vertical lines show standard errors. ICES (2011)
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helgolandicus does not appear to be a full replacement for C.
ﬁnmarchicus in terms of ecosystem functioning, particularly
the ability to sustain large stocks of schooling, planktivorous
ﬁsh (Bonnet et al. 2005). There are several reasons for this:
C. helgolandicus are smaller, have a lower lipid content, and
tend to occur at low densities early in spring when most ﬁsh
larvae need access to abundant copepod prey (Beaugrand
et al. 2003). Frederiksen et al. (2013) anticipated that
because of these shifts in the zooplankton community
resulting in declines in abundance of ﬁsh such as sandeel and
the lack of obvious replacements for these as seabird prey, it
is likely that breeding populations of piscivorous seabirds in
the boreal Northeast Atlantic, including the North Sea will
shift northwards. Consequently, the large seabird popula-
tions currently present in, for example, eastern Scotland
could disappear (Frederiksen et al. 2013).
Case Study 3: Climate impact on breeding phenology in
three seabird species. Breeding at the right time of year is
essential to ensure that the energy demands of reproduction,
particularly the nutritional requirements of growing young,
coincide with peak food availability. Global climate change
is likely to cause shifts in the timing of peak food avail-
ability, which the animals need to be able to adjust the time
at which they initiate breeding. Frederiksen et al. (2004a)
tested the hypothesis that regulation of breeding onset
should reflect the scale at which organisms perceive their
environment by comparing phenology of three seabird spe-
cies at a North Sea colony. As expected, the phenology of
two dispersive species, black-legged kittiwake and common
guillemot Uria aalge, correlated with a large-scale envi-
ronmental cue, the NAO, whereas a resident species, the
European shag Phalacrocorax aristotelis, was more affected
by local conditions (SST) around the colony. Annual mean
breeding success was lower in years in which breeding took
place later than normal for European shags, but not for the
other two species. Since correlations among climate patterns
at different scales are likely to change in the future, these
ﬁndings have important implications for how migratory
animals can respond to future climate change (Frederiksen
et al. 2004a).
Case Study 4: Climate effects on the North Sea marine
food web may influence coastal ecology through seabirds.
Temperature is an important driver of the trophodynamics of
the North Sea ecosystem. Recent warming, in combination
with overﬁshing, has caused major changes in trophic
interactions within the marine food web (Kirby and Beau-
grand 2009). Luczak et al. (2012) studied the relation
between lesser black-backed gulls Larus fuscus graelsii and
swimming crabs (of the Polybiinae sub-family), important
food species for the gulls during their breeding season.
Luczak and co-workers found a related increase in sea
temperature, the abundance of swimming crabs and that of
lesser black-backed gulls in 21 major breeding colonies
around the North Sea. Interestingly, their cross-correlation
analyses suggest the propagation of a climate signal from
SST through decapod larvae, adult crabs and lesser
black-backed gulls with lags that match the biology of each
trophic group. This is indicative of climate-induced changes
in the marine fauna extending to the avian fauna, and thus to
the terrestrial food web around the seabird colonies (Luczak
et al. 2012).
Case Study 5: Vulnerability of the seabird community in
the western North Sea to climate change and other
anthropogenic impacts. Most seabird studies have tended to
consider the impacts of single stressors on single species at
speciﬁc times of the year, and so may be unrepresentative of
the combined effects of pressures experienced by top
predator communities over an annual cycle (Burthe et al.
2014). For marine top predators, there is evidence to suggest
that interactions between climate and other threats may be
additive (Frederiksen et al. 2004b; Burthe et al. 2014).
Burthe et al. (2014) studied the cumulative effects of mul-
tiple stressors on a community of seabirds in the North Sea.
More precisely, they examined vulnerability to climate
change and other anthropogenic threats in a seabird com-
munity (45 species; 11 families) that used the Forth and Tay
region (eastern Scotland) of the North Sea for breeding,
overwintering or migration between 1980 and 2011. They
found only 13 % of the seabird community in the Forth and
Tay region to fall within the categories of low or very low
population concern to future warming, whereas in consid-
ering multiple anthropogenic threats 73 % of the species in
this bird community were considered to be of high or very
high population concern for the future (Burthe et al. 2014).
Case Study 6: Effects of extreme climatic events on
coastal birds breeding in low-lying saltmarshes (for a more
extensive review see Chap. 9). Van de Pol et al. (2010)
investigated whether the frequency, magnitude and timing of
rare but catastrophic flooding events have changed over time
in Europe’s largest estuary, the Wadden Sea. They subse-
quently quantiﬁed how this had affected the flooding risk of
six saltmarsh nesting bird species (both seabird species and
coastal species). Maximum high tide has increased twice as
fast as mean high tide over the past four decades, resulting in
more frequent and more catastrophic flooding of nests,
especially around the time when most eggs have just hat-
ched. By using data on species’ nest elevations, on the
timing of egg-laying and on the length of time that the eggs
and chicks are at risk from flooding, van de Pol et al. (2010)
showed that flood risk increased for all six species (even
after accounting for compensatory land accretion) and that
this could worsen in the near future if the species do not
adapt. This study provides the ﬁrst evidence that increasing
flooding risks have reduced the reproductive output below
stable population levels in at least one species, the Eurasian
oystercatcher Haematopus ostralegus. Sensitivity analyses
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show that birds would beneﬁt most from adapting their
nest-site selection to higher areas. However, historically the
lower saltmarsh has been favoured for its proximity to the
feeding grounds and for its low vegetation, aiding predator
detection. Van de Pol et al. (2010) concluded that it is more
difﬁcult for birds to infer that habitat quality has decreased
from changes in the frequency of rare and unpredictable
extreme events than from trends in climatic means. The
result is, at present, that the lower parts of the saltmarsh may
function as an ecological trap.
8.5.3 Concluding Comments
The Case Studies clearly indicate that climate change
influences North Sea seabirds. While this may be true for
population developments in some species, it is more obvious
for demographic parameters such as the number of chicks
hatched and/or fledged and survival rates of adults and
young birds. The breeding phenology of several seabird
species is also affected (e.g. Frederiksen et al. 2004a). For
migrating landbirds air temperature is often the main climate
factor (e.g. Cotton 2003). In contrast, temperature changes
usually act indirectly on seabirds via changes in the
ecosystem, mainly through food supply (Wanless et al.
2007; Frederiksen et al. 2013). However, there may also be
direct effects of temperature on seabirds as air and water
temperatures may influence energetic costs for birds in
maintaining body temperature (e.g. Fort et al. 2009). With
generally increasing temperatures this may lead to northward
trends for breeding and wintering in some species (Huntley
et al. 2007). Northward shifts, probably out of the North Sea,
may also result from changes in zooplankton community
structure acting through main prey species like sandeel
(Frederiksen et al. 2013).
Analyses of possible relationships between climate fac-
tors and seabirds are often impeded by difﬁculties in dif-
ferentiating between natural variability and anthropogenic
factors, thus complicating analyses on direct and indirect
effects (Burthe et al. 2014). This is especially true for
changes in ﬁsheries practice that include overﬁshing of
predatory ﬁsh, production of discards and offal, and direct
mortality through ﬁshing gear (reviewed by Tasker et al.
2000).
Some of the many ways in which seabirds respond to
climate change were summarised by the International
Council for the Exploration of the Sea (ICES 2008) as fol-
lows (see also Table 8.3):
• a warming trend may advance the timing of breeding in
some species and delay it in others
• seabirds exhibit some flexibility in the timing of breed-
ing, but are ultimately constrained by the often long
reproductive period (up to ﬁve months from egg-laying
to chick-fledging)
• seabirds are long-lived and so often able to ‘buffer’
short-term (<10 years) environmental variability, espe-
cially at the population level
• seabirds are vulnerable to both spatial and temporal
mismatches in prey availability, especially when breed-
ing at ﬁxed colony sites with restricted foraging capaci-
ties (e.g. foraging distance, diving capacity).
8.6 Marine Mammals
8.6.1 Climate Change Impacts
on Marine Mammals
All organisms display tolerance limits that, when exceeded,
lead to negative impacts on metabolism, growth, and
reproduction, or even death. Endothermic (i.e. ‘warm-
blooded’) organisms such as marine mammals must main-
tain a relatively constant body temperature, and changes in
the ambient temperature outside their preferred range
therefore require additional expenditures of energy. If
ambient temperatures become too high or too low to main-
tain body temperature within tolerable limits, adverse effects
are likely (Howard et al. 2013). Thus, increasing severity of
extreme weather events or changes in average winter or
summer temperatures can have negative impacts on
endothermic marine species, and repeated mortality events
resulting from thermal stress can lead to population
decreases (Howard et al. 2013).
In addition to the direct physiological temperature effect,
climate change is also expected to affect marine mammals
indirectly. This may be through changes in temperature,
turbulence and surface salinity inducing productivity shifts
at different trophic levels, shifts that can flow up the food
web and affect prey availability for top predators. Marine
mammals typically exploit patchy prey species that they
require in dense concentrations and so their distributions
tend to reflect those oceanographic features, both static (e.g.
depth and slope) and more mobile (e.g. fronts and upwelling
zones), where productivity is high.
Other important indirect pathways by which climate
change may affect marine mammals include changes in
critical habitats (due to warming) and in nesting and rearing
beaches (due to sea-level rise) and increases in diseases and
biotoxins (due to rising temperatures and shifts in coastal
currents) (Simmonds and Isaac 2007; Howard et al. 2013).
Populations may become more vulnerable to climate change
owing to interaction with non-climate stressors resulting
from human activities, such as pollution and ﬁshing
(Howard et al. 2013).
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Macleod (2009) predicted that certain characteristics put
some marine mammal species at greater risk from
climate-induced changes than others. These include a dis-
tribution range that is restricted to non-tropical waters (in-
cluding temperate species) and a preference for shelf waters
(like the North Sea). Conversely, the more mobile (or
otherwise flexible) marine mammal species may, to some
extent, be able to adapt to climate change (Simmonds and
Isaac 2007).
8.6.2 Distributional Shifts in Harbour Porpoise
The harbour porpoise Phocoena phocoena inhabits coastal
or shelf waters of the northern hemisphere. It is the most
abundant cetacean species in the North Sea region (Ham-
mond et al. 2008) and its abundance on the European
Atlantic continental shelf was estimated to be around
375,000 in 2005 (Hammond et al. 2013). In the shallow
southern North Sea the number of harbour porpoises appears
to have increased since the early 1990s (Hammond et al.
2002; Camphuysen 2004; Camphuysen and Peet 2006;
SCANS II 2008), however, although still common, numbers
in the northern North Sea have declined (SCANS II 2008;
Øien 2010; Evans and Bjørge 2014). The reasons for this are
not known, but a major distributional shift appears to have
taken place from the north-western North Sea in 1994 to the
south-western part in 2005 (Hammond et al. 2002, 2013;
Fig. 8.11).
The harbour porpoise is a species with high energetic
demand, especially as mature females are pregnant and
lactating at the same time during most of the year. It is very
likely that food availability is a major criterion for habitat
selection (Gilles 2009). The shift in distribution shown in
Fig. 8.11 may be due to an increase in herring abundance in
the southern North Sea (Hammond et al. 2013) but the
increase in herring abundance cannot simply be related to
higher temperatures, since herring in the southern North Sea
are already at the warm boundary of their distribution.
There may, however, be other ways that increasing
temperature may affect harbour porpoises. MacLeod et al.
(2007) reported that in the Scottish part of the North Sea this
species consumed a signiﬁcantly smaller proportion of san-
deels in spring 2002 and 2003 in comparison with their
baseline period (1993–2001). Furthermore, in the baseline
period only 5 % of the stranded porpoises examined had
died of starvation, whereas starvation was the cause of death
of 33 % from 2002 and 2003. MacLeod et al. (2007) showed
that a lower proportion of sandeels in the diet of porpoises in
spring increases the likelihood of starvation. The reduced
proportion of sandeels in the porpoise diet is likely to have
been because sandeel spawning stock biomass (SSB) and
recruitment in the North Sea were substantially lower in
2002 and 2003 than during the baseline period. Fishing is
probably the main cause of the decline in sandeel but high
winter sea temperatures also tend to reduce their recruitment
(Arnott and Ruxton 2002). It follows that climate-induced
warming may be the ultimate cause of poor body condition
Table 8.3 Examples of links between climate variables and seabird behaviour (including distribution and condition) in the North Sea
Seabird parameter Species Region Climate variable Sign of correlation with warming
Breeding range Lesser black-backed gull UK Sea temperature Positive
Northern gannet UK Sea temperature Positive
Non-breeding range Lesser black-backed gull UK Sea temperature Positive
Reproductive success Northern fulmar Orkney NAO index Negative (hatching), positive (fledging)
Black-legged kittiwake Isle of May Sea temperature Negative
Black-legged kittiwake Orkney, Shetland Sea temperature Negative
Annual survival Northern fulmar Orkney NAO index Negative
Black-legged kittiwake Isle of May Sea temperature Negative
Atlantic pufﬁn North Sea Sea temperature Negative
Population change Black-legged kittiwake Isle of May Sea temperature Negative
Nesting date Black-legged kittiwake Isle of May NAO index Positive
Common guillemot Isle of May NAO index Positive
Common guillemot Isle of May Sea temperature Negative
Razorbill Isle of May Sea temperature Negative
European shag Isle of May Wind Negative
Foraging cost Common guillemot Isle of May Stormy weather Positive
Northern fulmar Shetland Wind speed Negative
ICES (2008)
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of harbour porpoises in Scottish North Sea waters, resulting
in an increased likelihood of starvation (MacLeod et al.
2007).
8.6.3 Rising Temperatures Favour
Warm-Water Dolphins
There is evidence of recent changes in range expansion for
several dolphin species in the North Sea region. One such
case is the (common) bottlenose dolphin Tursiops truncatus,
off the northeast coast of Scotland. Here they are at the
northern limit of their distribution. The causes behind this
increase in distribution are still unknown, but may be related
to changes in abundance and/or distribution of prey (Wilson
et al. 2004; Learmonth et al. 2006), which may also be
linked to climate change.
Another species reported to have exhibited recent range
shifts is the white-beaked dolphin Lagenorhynchus albir-
ostris; Fig. 8.12). This is a species distributed mainly in cold
temperate to Arctic waters. In the North Atlantic they are
limited to high latitudes (Evans et al. 2003; MacLeod et al.
2005; Baines et al. 2006; Evans and Smeenk 2008). They are
among the most abundant delphinid species in the North Sea
in summer; sightings are much rarer during winter. Strand-
ing records have shown a signiﬁcant increase of the species
in the southern North Sea since the 1960s. During recent
decades they have regularly been detected in the Southern
Bight (Bakker and Smeenk 1987; Kinze et al. 1997; Cam-
phuysen and Peet 2006). However, these changes need not
be directly related to changes in sea temperature, but may
simply reflect natural or human-induced alterations in par-
ticular ﬁsh stocks that are favoured prey of the species.
Recent changes in the cetacean community around the
British Isles, including the northern North Sea, have been
related to increasing local water temperature. (Short-beaked)
common dolphin Delphinus delphis is a warm-temperate
species, commonly found in tropical waters and only spo-
radically in the North Sea. Over recent years common dol-
phins have been quite regularly seen in the North Sea even in
winter (Sea Watch Foundation, unpubl. data; Evans and
Bjørge 2014). This may reflect the expanding range of
typically warmer water ﬁsh species like anchovy and sardine
(ICES 2008; Evans and Bjørge 2014).
However, this northward expansion of common dolphin
habitat into the northern North Sea is not necessarily due to
global climate change. There were both strandings and
sightings in that region during the 1980s and a peak in the
number of strandings on the North Sea shores of the UK was
reported as far back as the 1930s (Fraser 1946) and along the
Dutch coast in the 1940s (Bakker and Smeenk 1987; Cam-
phuysen and Peet 2006). These changes in common dolphin
distribution may reflect climatic fluctuations on interdecadal
scales, such as caused by the Atlantic Multidecadal
Oscillation.
White-beaked and common dolphins have similar habitat
and diet preferences. It has been suggested that the two
species might partition their otherwise shared niche
according to temperature to reduce the potential for com-
petition at this time of year (Macleod et al. 2008). As tem-
perature seems to be important in determining the relative
distribution of these species, the range of the white-beaked
Fig. 8.11 Predicted density
surface for harbour porpoises in
1994 and 2005 (SCANS and
SCANS II surveys; Hammond
et al. 2013)
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dolphin might be expected to contract in response to rising
sea temperature, while that of the common dolphin may
expand (Macleod et al. 2008).
Off north-west Scotland (Macleod et al. 2005) the relative
occurrence and abundance of white-beaked dolphins has
declined and that of common dolphins increased in com-
parison to previous studies, suggesting a decrease in range of
the former and increase of the latter. This may be due to
competitive exclusion, as suggested in the previous para-
graph, or direct effects of changes in temperature. Indepen-
dent of the mechanisms, if temperature increase continues
some formerly abundant cold-water species, such as
white-beaked dolphins and Atlantic white-sided dolphins
(Lagenorhynchus acutus; Fig. 8.12) may be displaced, in
particular from the northern North Sea, by species like the
short-beaked common and striped dolphin Stenella coer-
uleoalba (MacLeod et al. 2005; Learmonth et al. 2006;
Evans and Bjørge 2014). The white-beaked dolphin, which
favours shelf habitats, may be placed under increased pres-
sure if it loses the north-west European continental shelf
from within its range (Evans and Bjørge 2014).
8.6.4 Exotic Visitors to the North Sea
A number of warm-water species have in recent decades
been recorded for the ﬁrst time in UK waters, including the
North Sea. This includes Blainville’s beaked whale Meso-
plodon densirostris (1993), Fraser’s dolphin Lagenodelphis
hosei (1996), and dwarf sperm whale Kogia sima (2011),
while ten of eleven strandings of pygmy sperm whale Kogia
breviceps in Britain and Ireland have occurred since 1980
(Evans et al. 2003; Deaville and Jepson 2011). Between
January and April 2008 there were 18 strandings in Wales,
Scotland, and Ireland of another typically warm-water spe-
cies, the Cuvier’s beaked whale Ziphius cavirostris (Dolman
et al. 2010). Although these strandings may not be directly
related to climate change, they occurred much further north
than would be expected for these species, and generally at
times of the year when sea temperatures are at their highest.
However, care should be taken in drawing conclusions from
such a limited number of records of vagrants (Evans and
Bjørke 2014).
If the warming continues, more visits of warm-water
vagrants to north-west Europe are to be expected. Likely
species include Bryde’s whale Balaenoptera edeni, pygmy
sperm whale, dwarf sperm whale, rough-toothed dolphin
Steno bredanensis, and Atlantic spotted dolphin Stenella
frontalis. Baleen whales, like humpbacks Megaptera
novaeangliae and ﬁn whales Balaenoptera physalus, that
normally move southwards in winter to warmer waters to
breed, may increasingly do so within the waters around the
UK, some even in the North Sea (Evans and Bjørge 2014).
8.6.5 Effect of Climate Change
on Seals in the North Sea
The harbour seal Phoca vitulina and grey seal Halichoerus
grypus are the most common seal species in the North Sea.
Grey seals occur in temperate and subarctic waters on both
sides of the North Atlantic Ocean in three distinct popula-
tions. The Eastern Atlantic population is found mostly
around the coasts of Great Britain and Ireland, as well as on
Fig. 8.12 Distribution, relative abundance and associated effort for white-beaked dolphin and Atlantic white-sided dolphin (Reid et al. 2003)
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the coasts of the Faroe Islands, Iceland, Norway and
north-western Russia as far east as the White Sea. With an
estimated number of 415,000 to 475,000 individuals, the
species is not threatened as a whole and grey seal numbers
are currently increasing at most locations (Thompson and
Harkönen 2008). The harbour seal is found throughout the
coastal waters of the northern hemisphere. A global popu-
lation of 350,000 to 500,000 is estimated. Haul-out sites are
important for the species, as they are used for resting,
moulting, pupping and lactation (Adelung et al. 2004; Rei-
jnders et al. 2005).
There is yet little or no evidence for direct effects of
climate change on either of the North Sea seal species,
however changes to their physical habitat, through sea-level
rise for example may cause haul-out locations in caves or on
low-lying coasts to be modiﬁed or even lost. More frequent
storms and associated storm surges may also have unfa-
vourable effects (Evans and Bjørke 2014).
Harbour seals and grey seals are both opportunistic
feeders, but the majority of their diet comprises only a few
species, depending on the area. In European waters they are
primarily demersal or benthic feeders. Important prey spe-
cies here include sandeel, Atlantic cod, saithe, herring and
some flatﬁshes (Hall 2002; Santos and Pierce 2003; Ham-
mond and Grellier 2006). Thus, it seems likely that climate
may affect seals indirectly, through changes in abundance or
distribution of one or more of their most important prey
species.
8.7 Ecosystem Effects
Previous sections have presented evidence of substantial
changes in plankton, benthos, ﬁsh, seabirds and marine
mammals in the North Sea over the past century and have
related these to climate change. Planktonic and benthic
ecosystems are coupled in several ways; many benthic
species have planktonic stages and the settled, adult benthic
stages are often dependent on planktonic food sources. It is
therefore not surprising to ﬁnd some common patterns of
response to climate change, and that the response of
plankton generally precedes the benthic response. This sec-
tion considers whether common patterns, which are found to
varying degrees in ﬁsh, seabirds and marine mammals, can
be described as changes (or regime shifts) in the North Sea
ecosystem as a whole. Common features examined include
external drivers, timing of changes (both phenological and
interannual), common processes (growth, recruitment, sur-
vival) and ecosystem characteristics (distribution, diversity,
trophic structure).
8.7.1 An Integrated Ecosystem Assessment
An integrated analysis of available North Sea time series
data was conducted by Kenny et al. (2009). The analysis was
based on 114 variables with long (unbroken) records and
broad spatial coverage making them suitable for assessing
the North Sea as a whole. The data comprised abiotic
environmental variables (including surface and bottom water
temperature and nutrient concentrations, and wind speed and
direction), plankton, seabirds, ﬁsh and ﬁshing pressure. The
initial study covered the period 1983 to 2003, but the anal-
ysis has since been extended to include data to 2007 (ICES
2009). The later analysis indicates that the North Sea
ecosystem as a whole has undergone a series of shifts in state
and that the rate of change in the ecosystem has varied over
time, with some groups of years having greater similarity
than others (Fig. 8.13). The pattern of change reveals three
(possibly four) distinct groups of years with a shift in the
system occurring between 1990 and 1991 characterised by
declines in the dominance of cod SSB, average demersal ﬁsh
length and C. ﬁnmarchicus abundance. In contrast, a second
shift occurred between 2001/2002 and 2003/2004 which was
initially dominated by an increase in average pelagic ﬁsh
length, sea bottom temperature and C. helgolandicus abun-
dance, but was then dominated by an increase or return in
state of average demersal ﬁsh length and cod SSB.
A number of ‘key’ signals of environmental change in the
North Sea ecosystem, such as bottom temperature, zoo-
plankton and pelagic ﬁsh length, demonstrate strong trends
over time (Fig. 8.14). It is clear that the period 1989 to 1991
represented a time of rapid change in all three components,
with the apparent 1-year lag between them suggesting that
the ecosystem shift at this time was driven by a step-change
in temperature.
Integrated ecosystem assessments are an essential part of
an ecosystem approach to the management of marine
resources, that is, “An integrated approach to management
that considers the entire ecosystem, including humans, with
the goal to maintain an ecosystem in a healthy, productive,
and resilient condition so that it can provide the services we
want and need” (McLeod et al. 2005). This assessment and
the information presented in previous sections of this chapter
shows that the composition and productivity of North Sea
marine ecosystems are affected by climate change and that
this has consequences for sustainable levels of harvesting
and for other ecosystem services. It is clearly valuable to
have indicators that can be used to monitor and forewarn of
changes in composition and productivity and multi-variate
ocean climate indicators of this type are now being devel-
oped for the North Sea and other well-studied areas such as
the California Current (Sydeman et al. 2014).
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8.7.2 Examples of Climate Impacts
Across Trophic Levels
Case Study 1: Climate affects cod through zooplankton prey.
Survival of North Sea cod larvae is linked to their degree of
temporal overlap with zooplankton prey. This is referred to
as the ‘match–mismatch hypothesis’ (Cushing 1990; Durant
et al. 2007). Indeed, changes in plankton phenology linked
to climate (Sect. 8.2) are seen as a factor contributing to the
decline in the North Sea cod stock, although overﬁshing also
plays an important role (Nicolas et al. 2014). Copepod
biomass, euphausiid abundance, and prey size have also
been shown to influence survival of North Sea cod through
early life stages (Beaugrand et al. 2003).
The decline in the quality and quantity of planktonic prey
from the ‘gadoid outburst’ of the 1960s to the periods of low
recruitment (after the mid-1980s) was related to an increase
in SST. Consequently, high sea temperatures may have had
a double negative impact on larval cod survival in the North
Sea. Temperature increases metabolic rate and so increases
energy demand while at the same time it decreases the
quality and quantity of prey available for larvae (the energy
supply). The temperature rise may therefore have resulted in
an energy imbalance for larval cod, causing increased larval
mortality (Beaugrand et al. 2003). The increased rate of
development probably resulted in a mismatch with prey
(Daewel et al. 2011). On the other hand, high temperatures
should also shorten the time from spawning through
hatching to metamorphose, which should be favourable for
the survival of the cod progeny (Ottersen et al. 2010).
Case Study 2: Climate effects from phytoplankton to
seabirds. Many seabirds are at the top of the food chain (see
also Sect. 8.5) and it is important to understand which
pathways climate signals follow through the food web to
influence the different seabird life-history traits (Sandvik
et al. 2012; Myksvoll et al. 2013). Aebischer et al. (1990)
reported clear similarities between trends in long-term data
Fig. 8.13 Principal component
analysis performed on an
integrated data set comprising
106 separate state and pressure
variables representing several
components of the North Sea
ecosystem between 1983 and
2007
Fig. 8.14 Trends in state of three ‘key’ components of the North Sea
ecosystem; bottom temperature, Calanus helgolandicus abundance and
average pelagic ﬁsh length between 1983 and 2007 (ICES 2009)
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series of westerly weather and at four trophic levels in the
North Sea: phytoplankton, zooplankton, herring, and
black-legged kittiwakes, but the mechanisms behind the
similarity were unclear. Frederiksen et al. (2006) also
demonstrated consistent trends across four trophic levels,
from plankton to seabirds, in the North Sea but again the
causal links were undeﬁned. Thompson and Ollason (2001)
showed how ocean climate variation had lagged effects on a
Scottish pelagic seabird species through cohort differences in
recruitment related to temperature changes in summer.
Burthe et al. (2012) compared phenological trends for spe-
cies from four levels of a North Sea food web over the
period 1983–2006 when SST increased signiﬁcantly. The
results suggest trophic mismatch between ﬁve seabird spe-
cies breeding in the North Sea and their sandeel prey, but no
evidence of an impact on the seabird breeding success or
population dynamics (Burthe et al. 2012). Also, the signiﬁ-
cant increase in the number of lesser black-backed gulls
from 1996 onwards has been linked to the earlier mentioned
temperature-driven increase in recruitment of swimming
crabs in wide areas of the southern North Sea. These crabs
are a key prey item for the seagulls (Luczak et al. 2012).
8.8 Brief Synthesis and Reflection
on Future Development
This chapter has presented examples of how the changing
environment affects biological processes and organisation at
all scales, including the physiology, reproduction, growth,
survival, behaviour and transport of individuals; the distri-
bution, dynamics and evolution of populations; and the
trophic structure and coupling (e.g. benthic-pelagic cou-
pling) of ecosystems. There have been particularly rapid
changes in temperature and other climate-related variables
since the early 1980s, with many well described effects on
North Sea ecosystems. However the examples presented in
this chapter also show that biological responses in terms of
growth, survival, phenology and population shifts are often
more complex than might be expected from thermal
response models or bioclimate envelope models (Cheung
et al. 2011; Baudron et al. 2014). For example, the growth
response of juvenile cod to increasing temperature in the
Skagerrak was positive during spring but negative in sum-
mer, with a detectable density effect, but only at stock levels
that have not been observed for many decades. Distributions
of ﬁsh species (cod, plaice, sole) have not simply shifted
northwards over time in response to temperature; other
factors including ﬁshing, eutrophication, prey availability
and habitat alteration must also be considered and for some
species there are major east-west shifts (see also the change
in harbour porpoise distribution shown in Fig. 8.11). The
dynamics of the water mass exchanges between the North
Sea and the North Atlantic, the English Channel and the
Baltic Sea have a major influence on temperature, salinity
and nutrient ﬁelds within the North Sea and also on invasion
routes for biota.
These examples of complex responses can be detected
because there are detailed long-term biological and envi-
ronmental records for the North Sea. The Skagerrak cod
records go back to 1929; distributions of commercially
important ﬁsh species can be inferred from spatially resolved
ﬁsheries data going back to the 1920s and before; scientiﬁc
ﬁshing surveys provide detailed distribution and population
structure data on all ﬁsh since the early 1970s; the CPR
provides spatially resolved monthly records of zooplankton
(including larvae of ﬁsh and benthic species) and some
phytoplankton data back to 1948. In addition to these well
maintained observational time-series data are accumulating
from historic reconstructions (e.g. Poulsen et al. 2007),
archaeology (Enghoff et al. 2007) and other sources. The
wealth of sampling and scientiﬁc analysis that exists for the
North Sea shows the need to look deeper than simple, direct
effects and linear responses to one or two variables and to be
wary of general conclusions from incomplete models (Heath
et al. 2012). It is salutary to ﬁnd that even in a very
well-studied species such as cod in the North Sea, the causes
of changes in distribution, abundance and population struc-
ture over the past century are still not fully understood, but
are undoubtedly complex.
Uncertainty over the causes of observed changes in cod
over the past century, despite detailed time series on the
physical and chemical environment and on other drivers of
change, in particular ﬁshing, must temper our conﬁdence in
projections of future changes in cod. The quality and cred-
ibility of such biological projections depend on the quality of
projections of future changes in environmental variables and
on the correct identiﬁcation and representation of all
important processes. A systematic approach that applies
basic, mechanistic ecological principles to new situations
and that emphasises the testing of hypotheses in experi-
mental frameworks may be useful in identifying and con-
structing appropriate process models (Kordas et al. 2011).
There may also be unknown factors and interactions as the
system changes beyond previous limits, including those
concerning pH and oxygen.
The changes in biota described in this chapter and in
particular the ‘regime shift’ of the late 1980s might be
regarded as evidence of the sensitivity of the North Sea
ecosystem to changes in the environment, particularly tem-
perature (Philippart et al. 2011). However given that the
environmental changes were very large and rapid and that
although the biotic response was evident, it did not include
loss of characteristic North Sea species or a complete change
in the character of the ecosystems, it could be argued that
this demonstrated that the ecosystem response showed great
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resilience. Increases in species richness seem to have been
due to the addition of warm-temperate species without the
loss of cool-temperate species. The warm period since the
late 1980s is still too short to determine whether the present
ecosystem state is transitional and whether the
cool-temperate species will gradually disappear, but evi-
dence from archaeological material laid down during the
Mesolithic warm period (4000–7500 y BP) indicates that
cool-temperate species may remain (Enghoff et al. 2007) at
least until temperatures rise by considerably more. The time
taken for this to happen depends on the rate of global
warming but also on decadal regional variability, which
could maintain a cooler state over the next few decades.
Substantial biological changes in the Northeast Atlantic
including the North Sea have been associated with shifts in
the sub-polar gyre and warming over recent decades (Hatun
et al. 2009). This includes large-scale modiﬁcation of the
phenology and distribution of plankton assemblages
(Beaugrand et al. 2002; Edwards and Richardson 2004;
Richardson and Schoeman 2004), changes in the availability
of food resources and species, reproduction of benthic ani-
mals, composition of ﬁsh assemblages (Attrill and Power
2002; Simpson et al. 2011), and recruitment to the North Sea
cod stock (Clark et al. 2003; Olsen et al. 2011).
The diversity of the North Sea ecosystem may lead to
contrasting responses to future climate change. For instance,
the increase in temperature, light (through improved trans-
parency), and wind in the south-eastern North Sea have
probably contributed to the increase in algal biomass in this
region during the period 1948–2004 (Llope et al. 2009).
While their data suggest that phytoplankton biomass may
have reached a maximum in the southernmost parts of the
North Sea, Llope et al. (2009) concluded that phytoplankton
biomass in the northern North Sea would continue to
respond positively to a warmer, brighter, and windier future
if current trends are maintained.
Projections of the phenological responses of individual
species under climate change have not yet been made, but
the empirical evidence suggests that phenological changes
will continue as climate warming continues. It is currently
uncertain whether genetic adaptations within species popu-
lations will be able to cope with these changes, at least
partly, or whether the pace of climate change is too fast for
genetic adaptations to take place. This uncertainty is further
compounded by the difference in phenological responses
between species and functional groups. If current patterns
and rates of phenological change are indicative of future
trends, climate warming may exacerbate trophic mismatch-
ing and result in disruption of the functioning, persistence
and resilience of North Sea ecosystems.
It is not clear whether general species attributes (e.g.
trophic level) are sufﬁcient to predict future outcomes or
whether careful study of the individual species is required,
however the differences in phenological responses between
different diatom species indicates the latter (Schlüter et al.
2012).
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